Objective To determine whether adequate vs excessive gestational weight gain (GWG) attenuated the association between maternal obesity and offspring outcomes.
Conclusion Our findings lend support for pregnancy interventions aiming at controlling GWG to prevent childhood obesity. (J Pediatr 2014;-:---).
T he prevalence of obesity has been increasing dramatically in the US, including among women of reproductive age. 1 Maternal obesity is a major risk factor for gestational diabetes mellitus (GDM) and future type 2 diabetes. 2 Moreover, observational studies suggest an independent association of maternal obesity with excessive fetal growth 3, 4 and childhood obesity. 5 Alarmingly, increasing obesity trends are now observed early in life, even among young infants, 6 pointing toward harmful changes in the environment in which contemporary children are born and raised. 7 These and other observations lead to the hypothesis that maternal obesity during pregnancy is associated with lifelong consequences in the offspring 8 and, possibly, over successive generations. 9 It has been suggested that a transgenerational "vicious cycle" results, explaining at least in part, the increases in obesity, GDM, and type 2 diabetes seen over the past several decades. 10 In addition, obese children tend to become obese adults and, once present, obesity and its consequences are expensive and difficult to treat. This makes pregnancy a crucial window of opportunity for obesity prevention in this and the next generation.
The role of gestational weight gain (GWG) on childhood adiposity outcomes is less clear and incompletely studied. Some, but not all, 11, 12 epidemiologic studies have found that greater GWG is associated with greater body mass index (BMI) in childhood [13] [14] [15] [16] [17] and adolescence 5 and with increased fat mass and poorer metabolic and vascular traits at age 9 years. 18 Some studies have suggested that the association of greater maternal weight gain and offspring obesity persists into adulthood. 12 Maternal prepregnancy BMI and excessive GWG have been linked independently to increased adiposity in the offspring. 11, 16, 17, [19] [20] [21] In a group of preschool children, the odds of being categorized as overweight by age 4-5 years was increased by 57% in children exposed to both a maternal prepregnancy BMI greater $25 kg/m 2 and excessive weight gain during pregnancy. 16 It remains unclear however, whether the effect of maternal prepregnancy BMI on childhood adiposity outcomes is mitigated by adequate weight gain during pregnancy.
The answer to this question is important because it would provide support to the notion that healthier weight-gain patterns during pregnancy may improve the short-and longterm effects on offspring who have been exposed to maternal obesity. To address this question, we used data from the Exploring Perinatal Outcomes among Children (EPOCH) study in Colorado.
Methods
The EPOCH study is an observational historical prospective cohort comprising children born between 1992 and 2002 at a single hospital in Colorado, whose biological mothers were members of the Kaiser Permanente of Colorado Health Plan (KPCO) and who were offspring of singleton pregnancies. All children exposed to maternal GDM were eligible, together with a random sample of children not exposed to GDM. Children were invited to attend an in personresearch visit when they were on average age 10.5 years (range, 6-13 years), and approximately 68% agreed to participate.
Included in this analysis were 313 mother-child pairs (141 non-Hispanic white, 145 Hispanic, 27 non-Hispanic African American) who were part of the EPOCH study and had complete data on maternal prepregnancy BMI, GWG, and offspring adiposity outcomes. Children and their mothers completed a research visit between January 2006 and October 2009. Because the EPOCH study was specifically designed to explore the longterm effects of maternal GDM on offspring, the cohort is enriched in offspring of GDM mothers. Because we were exploring specific hypotheses regarding the role of excessive GWG as effect modifier, the small number of offspring of mothers who gained insufficient gestational weight during pregnancy was excluded. The study was approved by the local Institutional Review Board, and all participants provided written informed consent and youth provided written assent.
Maternal Measures
Maternal pregnancy measures (weight, GDM) and offspring birth weight were obtained from the KPCO perinatal database, a linkage of the maternal and perinatal medical record containing prenatal and delivery events for each woman. Maternal prepregnancy weight was measured before the last menstrual cycle preceding pregnancy. Maternal height was collected at the in-person research visit and used to calculate prepregnancy BMI (kg/m . Multiple weight measures during pregnancy (on average 4 per participant) were used to model GWG using a longitudinal mixed effects model that included fixed effects for time, time squared, prepregnant BMI, maternal age, gravidity, and a time by prepregnant BMI interaction. The model included subject-specific intercept and slope terms. GWG was estimated using the absolute predicted weight gain for a fullterm pregnancy (model predicted weight at term minus model predicted weight at conception). Women were categorized as either exceeding or meeting the 2009 recommended Institute of Medicine (IOM) GWG guidelines (adequate total GWG for normal BMI prepregnancy 11.4-15.9 kg and overweight/obese BMI prepregnancy 5-11.4 kg). 22 Women who gained inadequate weight during pregnancy were excluded from this analysis, according to our a priori hypothesis.
Physician-diagnosed GDM was coded as present if diagnosed through the standard KPCO screening protocol and absent if screening was negative. Since the 1990s, KPCO has routinely screened for GDM in all nondiabetic pregnancies using a 2-step standard protocol and criteria based on the National Diabetes Data Group recommendations. 23 Childhood Measures All children were invited to an in-person research visit, which included anthropometric measures, questionnaires, a magnetic resonance imaging exam of the abdominal region and a fasting blood sample. Race/ethnicity was self-reported using 2000 US census-based questions and categorized as Hispanic (any race), non-Hispanic white, or non-Hispanic African American. Pubertal development was assessed by child self-report with a diagrammatic representation of Tanner staging adapted from Marshall and Tanner. 24 Youth were categorized as Tanner <2 (prepubertal) and $2 (pubertal). Total energy intake (kilocalories per day) was assessed using the Block Kid's Food Questionnaire. 25 Self-reported key activities, both sedentary and nonsedentary, performed during the previous 3 days were measured using a 3-day Physical Activity Recall questionnaire. 26 Each 30-minute block of activity was assigned a metabolic equivalent variable to accommodate the energy expenditure. Results were reported as the average number of 30-minute blocks of moderateto-vigorous activity per day. Current height and weight were measured in light clothing and without shoes. Weight was measured to the nearest 0.1 kg using a portable electronic SECA scale (SECA, Chino, California). Height was measured to the nearest 0.1 cm using a portable SECA stadiometer. Height and weight were measured and recorded twice, and an average was taken. Scales and stadiometers were calibrated every 2 months using standard weights for scales and an aluminum measuring rod for the stadiometer. BMI was calculated as kg/m 2 . Waist circumference (WC) was measured to the nearest 1 mm at the midpoint between the lower ribs and the pelvic bone with a metal or fiberglass nonspring-loaded tape measure.
Magnetic resonance imaging of the abdominal region was used to quantify visceral adipose tissue (VAT) and subcutaneous adipose tissue (SAT) with a 3T HDx imager (General Electric, Waukashau, Wisconsin) by a trained technician. Each participant was placed supine and a series of T1-weighted coronal images were taken to locate the L4/L5 plane. One axial, 10-mm, T1-weighted images at the umbilicus or L4/L5 vertebra was analyzed to determine SAT and VAT content. The analysis technique used was a modification of the technique of Engelson, 27 where adipose tissue regions were differentiated by their signal intensity and location. Images were analyzed by a single reader.
Cholesterol, triglyceride (TG), and high-density lipoprotein cholesterol (HDL-C) were obtained while the patient THE JOURNAL OF PEDIATRICS www.jpeds.com Vol. -, No. -was fasting and measured using the Olympus (Center Valley, Pennsylvania) AU400 advanced chemistry analyzer system. Estimated insulin resistance was based on the homeostatic model assessment (HOMA-IR), calculated using fasting glucose and insulin levels collected at the study visit according to the formula: (fasting glucose [mmol/L] Â fasting insulin [mU/mL]/22.5).
Statistical Analyses
All analyses were conducted using SAS v9.4 (SAS Institute, Cary, North Carolina). Prepregnant BMI was categorized as normal weight (18.5-25 kg/m 2 ) and overweight/obese ($25 kg/m 2 ). Descriptive analyses compared prepregnant BMI groups using both t tests and c 2 tests (Table I) . Univariate regression was used to examine whether maternal prepregnant BMI was associated with childhood adiposityrelated variables (including BMI, WC, SAT and VAT, HDL-C, TGs, and HOMA-IR). An ANOVA model was used to investigate the modifying effect of GWG on the relationship between prepregnancy maternal BMI and childhood adiposity-related variables. All models were controlled for potential confounders, which included current offspring age, sex, race/ethnicity, Tanner stage, birth weight, and maternal GDM status. Table I shows the characteristics of the study population, according to maternal prepregnant obesity status. Of the 313 eligible mothers, 164 were classified as overweight or obese with a prepregnant BMI >25 kg/m 2 . The groups were similar in terms of maternal age, parity status, and gestational age at delivery. Women categorized as overweight or obese were more likely to be diagnosed with GDM compared with normal-weight women, although not significantly (P = .09). Maternal GWG patterns according to maternal prepregnancy overweight/obesity status are also described in Table I . As expected, normal-weight mothers gained significantly more weight in each trimester of pregnancy and overall, compared with overweight/obese mothers. However, 68% of overweight/obese mothers exceeded the 2009 GWG IOM recommendations vs only 50% of normal weight mothers (P < .01).
Results
Children in the 2 groups were similar in terms of age, sex, and pubertal status, but significantly more offspring of overweight/obese mothers were of Hispanic or African American descent (P = .004).
All childhood adiposity measurements were significantly different according to maternal prepregnancy obesity status ( Table I) . Offspring of overweight/obese mothers had significantly greater BMI, WC, as well as subcutaneous and visceral fat, compared with offspring of normal-weight mothers. TGs and insulin resistance, as estimated by risk HOMA-IR, also were significantly worse for the children exposed to overweight/obesity in utero. Table II shows the association between maternal prepregnancy BMI and various offspring adiposity-related outcomes. The analysis is stratified by whether the mothers were meeting or exceeding the 2009 IOM recommendations for GWG. Increasing maternal prepregnancy BMI was associated with significantly worse childhood outcomes in both GWG groups. However, the effect of maternal prepregnancy BMI on several childhood outcomes was attenuated for offspring of mothers with adequate vs excessive GWG. This trend was observed for all explored variables and was statistically significant for childhood BMI, WC, SAT, and HDL-C. Additional adjustment for current diet and physical activity did not materially change the results. The Figure illustrates the relationship between maternal prepregnancy BMI and childhood adiposity-related outcomes and the effect of adequate vs excessive GWG on this relationship. In each panel, the association of prepregnancy BMI and child outcome (BMI, WC, SAT, and HDL-C) is attenuated for offspring of mothers who gained adequate vs those who gain excessive gestational weight.
Discussion
In this cohort of more than 300 mother-child pairs, women who were overweight or obese before their pregnancy were more likely to exceed the IOM recommendations compared with women who began their pregnancy at a normal BMI. Furthermore, greater prepregnancy BMI was associated with worse adiposity and metabolic risk markers in their offspring at an average age of 10 years, including greater BMI and WC, SAT and VAT fat deposition, and abnormal lipid markers. Several of these relationships were significantly attenuated, however, for offspring of women that gain the recommended amount of weight, compared with those who gained excessive weight during pregnancy.
This analysis extends previous observations of an association between maternal prepregnancy BMI and offspring adiposity outcomes later in life. 11, 20, 21, 28, 29 A clear relationship between maternal weight status before pregnancy has been linked to offspring obesity as early as 2-4 years of age in a retrospective cohort of low-income Women, Infants, and Children participants, 11 in a national representative cross-sectional sample of 6-8-year-olds 20 and extended to early adolescence period in a prospective sample of more than 200 white mother-child pairs. 21 Various adiposity indicators in children have been explored, including BMI percentile 11, 20 and fat mass via dual X-ray absorptiometry measurements. 21 Offspring of mothers who had a BMI $30 kg/m 2 prepregnancy had a greater odds of being categorized as obese ($95th percentile) at age 2 years (OR 2.2 [95% CI 1.8-2.6]), 3 years (OR 2.6 [95% CI 2.2-3.1]), and 4 years (OR 2.6 [95% CI 2.2-3.1]). 11 Similarly, for every one-unit increase in maternal pregnancy BMI, fat mass measured by dual X-ray absorptiometry increased by 0.26 (95% CI 0.04-0.48) in boys and 0.42 (95% CI 0.29-0.56) in girls at age 9 years. 21 Several mechanisms that are not mutually exclusive may explain these associations. These include shared genes, shared familial socioeconomic and lifestyle factors, as well as specific intrauterine effects. Work, particularly from the Pima Indian population, suggests that the effect of maternal pregnancy diabetes on offspring obesity risk is not fully explained by genetic factors. In a small nuclear family study (52 families, 182 siblings) conducted in the Pima Indian population, obesity was greater among nondiabetic offspring born after the mother had been diagnosed with type 2 diabetes (ie, overnutrition resulting from exposure to increased intrauterine glucose levels) than in their siblings born before their mothers' diagnosis (ie, exposed to lower intrauterine glucose levels). 30 In another study the prevalence of obesity among 2-to 18-year-old siblings born after maternal biliopancreatic surgery was 52% lower than among age-matched siblings born when their mother was obese. 31 Because siblings discordant for intrauterine exposures carry a similar risk of inheriting the same susceptibility genes and share a similar postnatal environment, such studies provide strong evidence that part of the excess risk of childhood obesity associated with overnutrition in utero reflects specific intrauterine effects.
From a public health prevention perspective, distinguishing between specific intrauterine mechanisms and shared familial genetic/behavioral effects is essential for the development of randomized trials aimed at testing effective pregnancy interventions to reverse the obesity epidemic. In the absence of definite evidence provided by a randomized clinical trial, this question can be tested by exploring whether GWG is a potential effect modifier of the relationship between maternal BMI and child outcomes. We found that adequate GWG significantly reduces the association between maternal prepregnancy BMI and offspring outcomes. For most childhood adiposity-related outcomes, the association with maternal prepregnancy BMI was still significant even if mothers gained the recommended amount of weight during pregnancy, likely reflecting the other causal pathways described previously (shared familial genetic and nongenetic effects); however, all these associations were substantially reduced (by 50%-60%) if women gained the recommended amount of weight during pregnancy. Of note, the inverse association between maternal BMI and offspring HDL-C levels Figure. A-D, GWG modifies the association between maternal prepregnancy BMI and childhood adiposity-related measurements.
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Maternal Obesity, Gestational Weight Gain, and Offspring Adiposity: The Exploring Perinatal Outcomes among Children Study observed with excessive weight gain during pregnancy became nonsignificant among the group who met the GWG recommendations.
Our study had numerous strengths, including directly measured pregnancy exposures, state-of the art measures of childhood adiposity, and the ability to readily explore associations between pregnancy exposures and childhood adiposity outcomes later in life. Limitations include the observational (rather than experimental) nature of the study and, likely, the relatively limited size of the cohort, which may have resulted in some nonsignificant interactions. We were underpowered to additionally explore whether insufficient GWG modifies the association between maternal BMI and offspring outcomes. However, the majority of research in this area has found no or little association between inadequate GWG and childhood risk of obesity. 32 Finally, our cohort has oversampled women with GDM and thus our findings may not be completely generalizable to a lower-risk population.
In conclusion, our findings suggest that the effect of maternal prepregnancy BMI on several childhood adiposityrelated outcomes is attenuated for offspring of mothers with adequate vs excessive GWG. Therefore, pregnant women should be encouraged to follow the IOM recommendations of weight gain for their given prepregnancy BMI. Finally, our study lends support for pregnancy interventions aiming at controlling GWG to prevent childhood obesity. Carefully designed randomized clinical trials are needed to determine whether improved weight gain patterns can be achieved throughout pregnancy that would prevent the short and long-term consequences on the offspring, and curb the obesity epidemic. n 
